ABSTRACT
INTRODUCTION
Nowadays is thermal management of electronic devices serious problem because of electronics miniaturization, high performance and high reliability. The amount of the heat flux is growing up by the improvement of chip integration, package density, small size, layer quality, high frequency and high power loss in small area [1, 2] . The electronic devices used in power electronic applications have to work properly in a very wide temperature range up to 200°C. High temperature changes generate large thermal stress that affects power devices reliability. Therefore the thermal analysis has been carried out at the preliminary stage of the manufacturing and design.
LTCC technology with embedded microchannel is novel application in automotive technology, avionics, biology, military and telecommunication applications where the heat dissipation and high frequency property are mainly required [3, 4, 9] . In the recent years the interest of the fluidic structures in LTCC is growing [2, 5, 9] . LTCC is well suited as package solution for harsh environments due to their inherent features such as excellent thermal and chemical stability, hermeticity, simple 3D structuration, matching of thermal expansion coefficient with silicon and possibility of different fluidic and electrical component integration inside one ceramic substrate [3, 10, 11] . These interesting features can be used in different applications of industry, where is the necessity to cooling the devices by the coolant inside the microfluidic system [1, 2, 4, 5, 7, 9] .
LTCC technology via small channels allows a promising solution for improving heat dissipation and for decreasing the limited high temperature from the power chip. However, the poor thermal conductivity (which is about 3 to 5 Wm
) limits their application for power electronic [5, 6] . For this reason the poor thermal conductivity of LTCC has to be improved by a coolant, which is pumped through the fluidic channels inside the LTCC devices [1, 3, 4, 6, 7, 8] . Integrated microchannel cooling system in LTCC substrate can decrease the additional temperature more than 80 % [20] . The main advantage of LTCC substrate with integrated liquid cooling system is the heat dissipation from the point of the thermal source. For this reason these devices provide an excellent thermal performance for high power application with theoretical heat flux of 1000 W.cm -2 [1, 4] . Moreover the LTCC devices may not be bonded to a metal heat sink, which reduces material, weight and volume that means less process' steps within production.
This paper presents the comparison of thermal resistance, flow analysis and distribution of coolant in four various structures of internal channels in multilayer LTCC substrates. The dimensions and structure of microchannel has been chosen and modified to obtain better cooling performance for different working conditions. The heat transfer behaviors was characterized by the decrease of maximum working temperature, thermal resistance of substrate, temperature distribution, fluid pressure and flow velocity fields. Presented designs ware simulated by using the simulation software Mentor Graphic FloEFD™.
The main motivation for creation of this work was analysis and calculation of heat transfer, impact of channels' shape to pressure drop that is expressed by particular numerical results oriented to reducing the thermal resistance. Moreover in power applications is necessary to know the impact of the thermal load of first chip on the temperature of the second chip. The presented results will be helpful for the optimization of design the cooling microchannel structure in future work with the real multilayer structures for high power devices.
INTERNAL CHANNELS STRUCTURE
The used material for the experiments was a commercially available LTCC green tape DuPont 951 ® with thermal conductivity 3.3 Wm . The silver sintered joints was used for they high thermal stability and high thermal conductivity. In all structure is used one channel of LTCC layer with thickness 0.214 mm. Inlet and outlet holes are the same for every substrate and diameter of holes are 2 mm. The position of power chip on the substrate was selected due to need to cooling the largest area of the chip by the flow of coolant in the channels. For the investigation of the impact of the first chips' thermal load on the second chip, two chips placed on LTCC substrate were used. Fig. 2 illustrates the cross section of the structure #4 of the cooling concepts realized by LTCC technology.
SIMULATIONS
The thermal performance of analyzed cooling methods was evaluated by the simulations in Mentor Graphics FloEFD TM commercial simulation software. The junction temperature of the chip was simulated for a constant volume flow of coolant through the fluidic channels. For the simulation of the coolant the demineralized water with an inlet temperature of 20°C was used. The thermal load of the chip was selected by the maximum junction temperature which does not exceed the boiling point of the water. The thermal resistance (R th ) was calculated from the temperature gradient among chip junction (υ j ), the inlet fluid (υ if ) and the thermal load (P) of chip (1) [5].
.
The thermal resistance was calculated for different volume flow rate with the range of 10 ml.min -1 to 300 ml.min -1 . The first type of channel (#1) was designed with 11 curves in the shape of meander. This channel was chose for simulation and investigation of the curves' impact on the fluid's pressure inside the channels. The cooling area under one power chip in the structure #1 is 71 mm 2 . The difference between the structures #1 and #2 is in the number of used curves which can reduce the pressure in the channel with maintaining the effectiveness of cooling. Cooling area under one of power chip in this structure is 60 mm 2 . The structure #3 has three separate channels with a few curves such as can be seen in the Fig. 1 . This structure of channel was created for the minimization of the pressure during high flow rate of water. The cooling area under the power chip is 60 mm 2 . The last structure #4 has the one big channel with largest area of 100 mm 2 . However, the big cross section of channel provides fluently flow rate with minimum turbulence and decrease the pressure inside channel. Fig. 3 shows the simulated temperature distribution by coolant and substrate from the power chips realized by Mentor Graphics FloEFD 
RESULTS OF SIMULATIONS AND DISCUSSION
In the Fig. 4 the thermal resistance as a function of the volume flow rate of all 4 structures is plotted. The simulations demonstrate the design #4 had the lowest thermal resistance. The biggest channel inside LTCC substrate reduces the thermal resistance by 2.8 % in average. The structure #2 had the worst thermal resistivity in the case of the flow rate was less than 50 ml.min -1 . It can be seen that the thermal resistance is significantly dependent on the volume flow rate. At volume flow rate lower than 50 ml.min -1 the thermal resistance (R th ) increases exponentially. On the other hand, the thermal resistance above 50 ml.min -1 decreases slowly as it can be seen in the Fig. 4 .
The pressure of coolant inside the channel is also dependent on the volume flow rate which is shown in the Fig. 4 . The highest pressure (13.4 bar at 300 ml.min -1 ) was in the case of structure #1. In the structures #1 and #2 the pressure increases significantly by increasing the flow rate. The lowest pressure 1.2 bar in average had the structure #3 and #4. These structures have almost constant pressure during all volume of flow rate.
Structure #4 is the most promising candidate to cooling power chips on LTCC substrate for the reason of low thermal resistance at different volume flow rate as well as the simple fabrication requirements. In this structure the optimal flow rate to cooling the power chip is 150 ml.min -1 . If the volume flow rate increases above 150 ml.min -1 the thermal resistance is relatively stable (Fig. 4) . Structure #4 gives possibility for optimal flow rate and optimal cooling effect of power chips. . The minimum difference of 1.3 % is at the structure #2. It is because the coolant flows from the chip No. 1 to chip No. 2 in the first step. After this the coolant continues again to the chip No. 1, which causes the balanced thermal resistance of both chips (Fig. 3) .
CONCLUSIONS
The LTCC substrates with fluidic channels simulated by a Mentor Graphics FloEFD TM was presented in this paper. The influence of the channel structures on the thermal resistance and pressure of the coolant was investigated. The simulations show there is a nonlinear relation between the volume flow rate and the thermal resistance. Increasing the mass flow rate of the coolant causes the reduction of the thermal conductivity as well as causes the pressure rise inside the channels. The structures of channels have the significant impact on the coolant pressure. Substrate with structure #4 is the most promising candidate to cooling power chips on LTCC substrate, for the reason of low thermal resistance at different volume flow rate. Structure #4 reduces the thermal resistance by 2.8 % in average by contrast to structure #1, #2 and #3. LTCC structure with embedded microchannel structure #4 decrease additional temperature of chips about 86 % (at 2 W) in average by contrast to LTCC substrate without cooling channels. Volume rate flow at the structure #4 at the power loss of 10 W was from 10 ml.min 
